Electrical synapses play an important role in signaling between neurons and the synaptic connections between many neurons possess both electrical and chemical components. Although modulation of electrical synapses is frequently observed, the cellular processes that mediate such changes have not been studied as thoroughly as plasticity in chemical synapses. In the leech (Hirudo sp), the competitive AMPA receptor antagonist CNQX inhibited transmission at the rectifying electrical synapse of a mixed glutamatergic/electrical synaptic connection. This CNQX-mediated inhibition of the electrical synapse was blocked by concanavalin A (Con A) and dynamin inhibitory peptide (DIP), both of which are known to inhibit endocytosis of neurotransmitter receptors. CNQXmediated inhibition was also blocked by pep2-SVKI (SVKI), a synthetic peptide that prevents internalization of AMPA-type glutamate receptor. AMPA itself also inhibited electrical synaptic transmission and this AMPA-mediated inhibition was partially blocked by Con A, DIP and SVKI. Low frequency stimulation induced long-term depression (LTD) in both the electrical and chemical components of these synapses and this LTD was blocked by SVKI. GYKI 52466, a selective noncompetitive antagonist of AMPA receptors, did not affect the electrical EPSP, although it did block the chemical component of these synapses. CNQX did not affect non-rectifying electrical synapses in two different pairs of neurons. These results suggest an interaction between AMPA-type glutamate receptors and the gap junction proteins that mediate electrical synaptic transmission. This putative interaction between glutamate receptors and gap junction proteins represents a novel mechanism for regulating the strength of synaptic transmission.
Introduction
Electrical synapses provide a direct pathway for ionic and biochemical communication between cells and play a critical role in neuronal signaling. In neural networks which contain large numbers of cells, such as in cortical circuits or the retina, electrical synapses play a critical role in synchronizing activity between interconnected neurons (Roerig & Feller 2000; Bennett& Zukin 2004; Meier & Dermietzel 2006) . Many synapses possess both electrical and chemical components and it is now apparent that plasticity in the chemical synaptic component can lead to changes in the electrical component (Johnson et al. 1994; Smith & Pereda 2003; Pereda et al. 2004) . In addition, a number of recent studies have shown that gap junctions are closely associated with postsynaptic densities (PSD) (Sotelo et al. 1978; Rash et al. 2000; Lynn et al. 2001; Zoidl et al. 2007 ). This proximity of the electrical and chemical synaptic components may allow for an interaction between the two modes of transmission either by direct protein-protein interaction or by short intracellular signaling pathways.
The leech (Hirudo sp) provides a useful system to study the interaction between electrical and chemical synaptic transmission. The leech CNS is well characterized (see review by Kristan et al. 2005 ) and there are a number synapses between readily-identifiable cells known to have both electrical and chemical components. For example, the mechanosensory touch cells (T cells), of which there are three bilateral pairs, form synaptic connections with each other that have both an electrical and chemical component (Nicholls & Baylor 1968; Baylor and Nicholls 1969) . In this study, the relationship between electrical and glutamatergic transmission in the T-to-T synaptic connection was investigated. Electrical synaptic transmission was found to be inhibited by both CNQX (a competitive antagonist of AMPA/Kainate glutamate receptors) and AMPA (a selective agonist of AMPA/Kainate receptors). The CNQX/AMPA-mediated inhibition can be at least partially blocked by concanavalin A (Con A) or dynamin inhibitory peptide (DIP), which inhibits clathrin-dependent endocytosis, and by pep2-SVKI, a synthetic peptide that inhibits internalization of AMPA-type glutamate receptors. These results indicate an interaction between glutamate receptors and the gap junction proteins that mediate electrical synaptic transmission.
Results

Properties of the T-to-T electrical synapse
As first described by Baylor and Nicholls (1969) , the T-to-T synapse has a monosynaptic electrical component and a polysynaptic chemical component ( Figure 1A ). It is impossible to distinguish the electrical and chemical components of the T-to-T synapse in normal saline at room temperature (Figure 1B, top) . However, the electrical EPSP can be isolated by recording in 15mM Mg 2+ saline solution to selectively block chemical synaptic transmission (Fig. 1B, top; Del Castillo & Katz 1954; Baylor & Nicholls 1969) . To confirm that 15mM Mg 2+ saline solution removes the entire chemical component of the T-to-T EPSP, the ganglion was cooled to approximately 15°C, delaying the onset of the chemical EPSP just enough to allow the electrical and chemical components to be distinguished (Figure 1B, bottom; also see Nicholls & Purves 1972) . In these low temperature recordings the later chemical component was completely abolished when 15mM Mg 2+ saline was applied, leaving only the earlier electrical component. All subsequent intracellular recordings were conducted at room temperature in 15mM Mg 2+ saline to eliminate chemical synaptic transmission unless otherwise stated.
Normally, electrical synaptic function is studied by measuring the coupling coefficient between two neurons linked by electrical synapses. However, no current flows from the presynaptic to the postsynaptic cell in the T-to-T electrical synapse unless an action potential is initiated in the presynaptic neuron ( Fig. 1C, D ; Baylor and Nicholls 1969; Acklin, 1988) . The dependence of the T-to-T electrical connection on action potential firing indicates that this electrical synapse has a voltage threshold which shifts from a non-conducting to a conducting state upon the arrival of an action potential, similar to what has been reported in giant motor synapses of the crayfish (Furshpan & Potter, 1959) . This property of T-to-T electrical synapses is likely due to the voltage-sensitive properties of the gap junction proteins (innexins) that mediate electrical synaptic transmission between T cells and is consistent with observations from vertebrate connexins that have a relatively high voltage threshold (−30 to 0mV; Werner et al. 1989; Ebihara et al. 1999; White et al. 1999) . The latency of the EPSP to the action potential was very brief, ≤0.6msec and persisted in 15mm Mg 2+ saline, consistent with an electrical synapse (Del Castillo and Katz 1954) . Sustained current flow between two T cells could be observed when a long, suprathreshold depolarizing current pulse was injected into one T cell (Fig, 1D) , indicating that the gap junctions remain open for a time following the activating action potential. Hyperpolarizing current did not flow between the coupled T cells (Fig. 1C) . All of these observations are consistent with earlier findings from Baylor and Nicholls (1969) . Despite the fact that it was possible to measure sustained current flow between the coupled T cells, most of the subsequent experiments examining changes in the strength of the T-to-T electrical connection were made by measuring the electrical EPSP elicited by the T cell action potential. This was done because the electrical EPSP represented the normal, physiologically-relevant function of the T-to-T electrical synapse.
Effect of CNQX on the T-to-T electrical synapse
When the T-to-T synapse was recorded with 20µM CNQX in normal saline, the EPSP amplitude decreased ( Fig. 2A) indicating that the chemical component of this synaptic connection was glutamatergic. As part of a control experiment, the effect of CNQX on the Tto-T synapse was tested in the presence of 15mM Mg 2+ saline, when only the electrical synapse would be active (Del Castillo & Katz 1954; Baylor & Nicholls 1969) . Surprisingly, the T-to-T electrical EPSP was significantly reduced in CNQX-treated ganglia when compared to a control group in which CNQX was omitted (Fig. 2B Two-way ANOVA treatment effect F 1, 36 =36.8, P<0.0001, time effect F 3, 36 =11.2, P<0.0001, interaction effect F 3, 36 =4.3, P<0.05. Newman Keuls post hoc test showed significant differences at both 5min and 15min recordings, P<0.05). No changes in input resistance were observed in either the CNQX-treated or saline control groups making it unlikely that the CNQX effect was due to shunting of current out of the cell (Fig. 2B Bar graph One-way ANOVA P>0.05). Inhibition of the T-to-T electrical synapse by CNQX was concentration-dependent ( Fig. 2C, D ) with significant inhibition observed at 10, 20 and 200 µM CNQX (Fig. 2C , D One-way ANOVA P<0.0001). GYKI 52466 (GYKI; 20µM), which is a non-competitive antagonist of AMPA receptors (Donevan & Rogawski 1993; Zappala et al. 2001) , also blocked the chemical component of the T-to-T synapse when the EPSP was recorded in normal saline, just like CNQX, but had no effect on the electrical EPSP recorded in 15mM Mg 2+ saline (data not shown, compared with control group Two-way ANOVA P>0.05).
How might CNQX mediate depression of the electrical synapse? In addition to being a competitive antagonist, CNQX could induce internalization of AMPA-type glutamate receptors . It was possible that there was an interaction between glutamate receptors and the gap junction proteins at these synapses, such that AMPA receptors internalization produced a decrease in electrical synaptic transmission. There were no known antibodies that recognize leech versions of glutamate receptors or innexins, therefore we explored potential involvement of receptor internalization by applying CNQX in the presence of concanavalin A (Con A), which had been used to block clathrin-dependent internalization of neurotransmitter receptors (Paatero et al. 1988; Mayer et al. 1989; Xiang et al 2002; Kim et al. 2004; Arttamangkul et al. 2006 ). When Con A (600µg/ml) was co-applied with CNQX, the CNQX-mediated depression of the electrical synapse was completely blocked ( Figure 3A , D Two-way ANOVA between Con A + CNQX and CNQX group, P<.01). Con A application by itself had no effect on the T-to-T electrical synapse.
Dynamin inhibitory peptide (DIP), a blocker of endocytosis (Marks & McMahon 1998; Wigge & McMahon 1998; Carroll et al. 1999; Morishita & Marie 2005) was also tested. DIP (50 µM) was not as effective as Con A, but nevertheless did interfere with CNQX-mediated depression of the electrical synapse. At the beginning of the CNQX treatment, DIP did block depression of the electrical synapse ( Figure 3B, 5min) . Two-way ANOVA showed three groups were significant different from each other (Treatment effect F 2, 40 =18.0, P<0.0001, time effect F 3,40 =9.1, P<0.001, interaction effect F 6,40 =2.7, P<0.05). The DIP + CNQX group was significantly different from the CNQX group at 5min and 10min (Newman Keuls post hoc, P<0.05). However, by the end of CNQX treatment there was no significant difference between the DIP+CNQX and CNQX groups ( Figure 3B Newman Keuls post hoc, P>0.05). The above experiments were repeated using 100µM DIP, but this concentration was no more effective than 50µM DIP (data not shown).
Pep2-SVKI (SVKI) is a synthetic peptide that blocks the interaction between glutamate receptor subunits and PDZ domain-containing proteins such as glutamate receptor-interacting proteins (GRIPs) and protein interacting with C kinase (PICK), prevented AMPA receptor internalization (Li et al. 1999; Daw et al. 2000; Thalhammer et al. 2002) . To date, SVKI has not been used on invertebrate neurons, but invertebrate AMPA-type glutamate receptors do contain PDZ-binding domains and the mechanisms involved in glutamate receptor trafficking appear to be conserved between vertebrates and invertebrates (Chang and Rongo 2005; Walker et al. 2006) . Treatment of the postsynaptic T cell with 100µM SVKI completely blocked CNQX-mediated inhibition of the T-to-T electrical synapse (Fig. 3C , D Two-way ANOVA between CNQX+SVKI and control group P>0.1; between CNQX + SVKI and CNQX group P<0.05). SVKI alone did not affect electrical synaptic transmission. Taken together, the Con A, DIP and SVKI results support the hypothesis that the CNQX-mediated inhibition of the electrical synapse involves glutamate receptor internalization.
Effect of AMPA on the T-to-T electrical synapse
AMPA itself is also known to induce internalization of AMPA-type glutamate receptors and is more effective at stimulating internalization than CNQX Lin et al. 2000) . Therefore, the effects of AMPA on T-to-T electrical synaptic transmission were also examined. 100µM AMPA completely abolished the T-to-T electrical EPSP by the end of a 15min treatment ( Figure 4A , B Two-way ANOVA, treatment effect F 2, 24 =112.1 P<0.0001; time effect F 3, 24 F=58.7; P<0.0001; interaction effect F 6, 24 =13.7 P<0.0001). The effect of 10µM AMPA was similar to 100 µM AMPA, but was slower to develop and did not completely eliminate the electrical EPSP (Fig. 4A, B ). Con A, DIP and SVKI were able to inhibit the initial 10µM AMPA-induced depression of the electrical synapse, but could not prevent depression at later time points in the AMPA treatment ( Fig. 4C Two-way ANOVA, treatment effect F 2,20 =17.7 P<0.001, time effect F 3,20 =17.7 P<0.001, interaction effect F 6,20 =3.7 P<0.01; Newman Keuls post hoc test 5min Con A + AMPA group was significantly different from AMPA group P<0.01 but not significantly different from control group P>0.1; Fig. 4D Twoway ANOVA, F 2,36 =23.2 P<0.0001, F 3,36 =8.2 P<0.001, F 6,36 =3.64 P<0.01; Newman Keuls post hoc test 5min DIP + AMPA group was significantly different from AMPA group P<0.05 but not significantly different from control group P>0.05; Fig. 4E Two-way ANOVA, treatment effect F=17.1 P<0.001, interaction effect F 6,20 =3.1 P<0.01; Newman Keuls post hoc test 5min AMPA+SVKI group was significantly different from AMPA group P<0.05 but not significantly different from control group P>0.1). Neither concentration of AMPA had a significant effect on input resistance, indicating that AMPA's effect on the electrical EPSP was not due to a shunting of currents out of the cell (data not shown, one-way ANOVA P>0.05). This is not surprising given that AMPA receptors rapidly desensitize. Again, these results are consistent with the hypothesis that there is an interaction between AMPA receptors and innexins at the T-to-T synapse in which ligand binding to the AMPA receptor induces inhibition of the electrical synapse that involves AMPA receptor internalization.
The effect of AMPA on chemical synaptic transmission was also tested by recording T-to-T synaptic transmission in normal saline since AMPA-induced internalization of AMPA receptors would be expected to reduce the chemical/glutamatergic component of this synapse. The decrease in the T-to-T EPSP during the first 5min of 10µM AMPA treatment in normal saline was substantially greater (≈ 80%) when compared to the level of inhibition during the same time point 10µM AMPA treatment in 15mM Mg 2+ saline (≈ 40%; Fig. 4A , F). This is consistent with both the chemical and electrical components of the T-to-T synapse being inhibited by AMPA treatment. Con A prevented the AMPA-mediated inhibition of the T-to-T synapse during the first 5min of the AMPA treatment in normal saline (Fig. 4F Two-way ANOVA treatment effect F 2,24 =32.5 P<0.0001, time effect F 3,24 =20.7 P<0.0001, interaction effect F 6,24 =5.9 P<0.001; Newman Keuls post hoc test 5min Con A + AMPA group was significantly different from AMPA group P<0.05 but not significantly different from control group P>0.05), identical to the results observed in AMPA + Con A experiments conducted in 15mM Mg 2+ saline, but was unable to prevent AMPA-mediated depression at later time points (Newman Keuls post hoc test 15min Con A + AMPA group was not significantly different from AMPA group P>0.1).
Effect of AMPA and CNQX on sustained current flow between T cells
The preceding experiments tested the effects of CNQX and AMPA on the transient electrical EPSP. To confirm that AMPA and CNQX were inhibiting electrical coupling, experiments were conducted in which the sustained current flow between the T cells was monitored. This was accomplished by applying a 250msec depolarizing current pulse to the presynaptic T cell that was sufficient to elicit a single action potential and then measuring the level of sustained depolarization in the postsynaptic T cell following the initial EPSP, approximately 200msec from the beginning of the current pulse (see Fig. 1D ). A coupling coefficient was then calculated using the ratio of the postsynaptic membrane potential over the presynaptic membrane potential. Care was taken to only measure T-to-T current flow following a single action potential in the presynaptic cell since the current flow between the T cells may be affected by the number and frequency of presynaptic action potentials. All recordings were carried out in 15mM Mg 2+ saline and the sustained current flow between T cells was compared prior to and 15min after treatment with AMPA, CNQX or saline. 100µM AMPA completely eliminated post-action potential current flow between the T cells (Fig. 5A , D One-way ANOVA p<0.05; Newman Keuls post hoc AMPA-treated group significantly different from the control group p<0.05), a result identical to the effect of this concentration of AMPA on the electrical EPSP. 200µM CNQX also reduced the level of sustained current flow between the recorded T cells, although this effect was not statistically significant (Fig. 5B, D) . The CNQX-treated coupling was not significantly different from the control preparations tested, but was also not significantly different from the AMPA-treated group (post hoc P>0.05). Earlier results indicate that CNQX is not as effective as AMPA in inhibiting the electrical EPSP (see Fig. 2 & Fig 4) and it is also likely that since the current injected into the presynaptic T cell was minimal amount necessary to elicit a single action potential, that a "basement" effect for CNQX was observed. Nevertheless, these results show that treatments that inhibit the electrical EPSP also reduce sustained current flow between the coupled T cells.
Modification of the T-to-T synapse during long term depression
In order to examine whether decreases in the T-to-T electrical EPSP has a functional role, low frequency stimulation (LFS) was used to induce long term depression (LTD) in the T-to-T synapse. In all of the experiments made in normal saline, which contains 1mM Mg 2+ , it was impossible to distinguish the electrical and chemical components of the T-to-T EPSP. However in recordings by Baylor and Nicholls (1969) , the chemical component of the EPSP was sufficiently delayed so that the electrical component of the EPSP could be readily observed. One difference between these earlier experiments and our own recordings is that Baylor and Nicholls (1969) used Mg 2+ -free saline. Recordings made in Mg 2+ -free saline reproduced the findings of Baylor and Nicholls (1969) , showing a delay in the chemical component of the EPSP that was not observed in recordings made in 1mM Mg 2+ saline (Fig. 6A ). There were no differences in the size of the T-to-T EPSP recorded in 1mM Mg 2+ (2.6±0.1mV) and those recorded in Mg 2+ -free saline (2.5±0.3mV). It is not known why eliminating Mg 2+ delays the chemical EPSP. One possibility is that there is an increase in inhibitory synaptic input in the Mg 2+ -free saline, delaying the firing of the unknown neuron that mediates the polysynaptic EPSP.
In both normal saline and Mg 2+ -free saline, 900 stimuli LFS (1Hz) induced identical levels of LTD in the T-to-T synapse ( Figure 6B , C normal saline group student t test P<0.001; 0mM Mg 2+ group student t test P<0.01). Furthermore, in experiments carried out in Mg 2+ -free saline LTD, it was possible to observe depression in both the electrical and chemical component of the EPSP (this later component is dominated by the chemical EPSP, but electrical EPSP has not fully decayed so it is referred to as the "total EPSP"). This LFS-induced LTD of the T-to-T synapse was blocked by SVKI (Fig. 6D electrical EPSP student t-test between 900s LFS +SVKI group and 900s LFS group, P<0.001; student t-test between SVKI group and control groups, P>0.05) indicating a dependence for AMPA receptor internalization. No changes in input resistance were observed in T cells that underwent LFS in normal saline (95.2±4.8% of initial input resistance), T cells in 0mM Mg 2+ saline (93.0±1.7%) or the pep-SVKI-treated T cells (94.6±6.9%).
Effect of CNQX on the T-to-S electrical/chemical synapse
The effects of CNQX were examined on a second mixed glutamatergic/electrical synapse that between the T and S cells (Muller & Scott 1981) . The S cell is an interneuron thought to be critical for learning in the whole-body shortening reflex (Sahley et al. 1994; Modney et al. 1997; Burrell et al. 2003; Action potentials elicited in a T cell produce a 1-2mV, short latency electrical EPSP followed by a larger 4-6mV chemical EPSP ( Figure  7B ; also see Muller & Scott 1981) . There is a substantial delay between the start of the electrical EPSP and the start of the chemical EPSP; therefore, the two components can be readily distinguished. CNQX completely blocked the chemical EPSP, indicating that this component of the T-to-S synapse was glutamatergic, and also significantly reduced the T-to-S electrical EPSP by approximately 40% (Fig. 7B Two-way ANOVA, Treatment effect F 1,20 =30.6, P<0.0001). These results are identical to the observed effects of CNQX at the T-to-T synapse. No change in input resistance in the postsynaptic S cells was observed between the control and CNQX groups.
Effect of CNQX on non-rectifying electrical synapses
The effect of CNQX was also tested on two different non-rectifying synapses: between the paired Retzius (R) neurons ( Figure 7C ; Stuart 1970; Lent 1977; De-Miguel et al. 2001) . In this electrical synapse, both positive and negative currents flow equally well in both directions between the coupled neurons. To examine the effect of CNQX on electrical transmission between R cells, the coupling ratio was calculated as the postsynaptic membrane potential/ presynaptic membrane potential and was tested prior to and following CNQX treatment. As shown in Figure 7C and D, the coupling ratio between paired R cells was not affected by a 15min application of 20µM CNQX (One-way ANOVA, P>0.05). Comparison of CNQXtreated R cell pairs with initial recordings in normal saline solution ( Figure 7C top trace) showed that CNQX did not inhibit non-rectifying electrical synapses (Figure7C bottom trace) . Another non-rectifying electrical synapse between paired longitudinal motor neurons (L cells) was tested and the coupling ratio was also not affected by CNQX treatment (data not shown, One-way ANOVA, P>0.05).
Discussion
In this study, we have shown that both CNQX and AMPA inhibited electrical synaptic transmission in the CNS of the medicinal leech. Both Con A and DIP, which inhibit endocytosis, blocked CNQX-mediated depression of the electrical synapse and attenuated AMPA-mediated depression. SVKI, an inhibitor of AMPA-type receptor internalization, also blocked CNQX-induced depression of the electrical synapse and partially blocked AMPAmediated depression. SVKI also blocked LTD of the electrical and chemical components of the T-to-T synapse. GYKI 52466, a non-competitive glutamate receptor antagonist, did not affect electrical synaptic transmission. CNQX-mediated depression of the electrical EPSP was also observed at the T-to-S synapse, but CNQX had no effect on coupling at the non-rectifying electrical synapses between paired Retzius cells or paired longitudinal motor neurons.
AMPA receptors are constantly cycled between intracellular stores and the cell surface (Malinow and Malenka 2002; Sheng and Kim 2002) and internalization of AMPA receptors is believed to be the major mechanism mediating long-term depression (LTD) of glutamatergic synaptic transmission Lin et al. 2000; Kim et al. 2001) . Previous studies have demonstrated that CNQX and AMPA can induce internalization of glutamate receptors in cultured hippocampal neurons with AMPA being much more effective than CNQX . It is thought that AMPA-mediated internalization is initiated by two processes; one that depends on current flux through the activated AMPA receptor channel and a second process that depends on direct protein-to-protein interactions between the AMPA receptor and one or more unknown molecules . The CNQX-mediated internalization of AMPA receptors is thought to be weaker, at least in part, because CNQX can only activate the latter mechanism and does not elicit current flow through the receptor. GYKI 52466 is not able to elicit AMPA receptor internalization presumably because it is not a competitive antagonist and therefore does not bind to the glutamate-binding site . Although CNQX/ AMPA-mediated internalization of glutamate receptors has not been examined in invertebrates, these receptors do undergo trafficking as a result of LTP, serotonergic modulation and metabotropic glutamate receptor activation (Antonov et Our electrical synapse data parallel the AMPA/CNQX-mediated depression of glutamatergic synapses in a number of interesting ways. In both AMPA is much more effective than CNQX and appears to depend on occupation of the glutamate receptor binding site since GYKI 52466 had no effect. That inhibition of the electrical EPSP involved endocytosis is based on the findings that Con A and DIP blocked CNQX-mediated depression and partially disrupted AMPA-mediated depression. These results suggest an interaction between AMPA-type glutamate receptors and the gap junction proteins that mediate electrical synaptic transmission. Specifically, CNQX-or AMPA-induced internalization of AMPA receptors may produce a decrease in electrical synaptic transmission due to an unidentified linkage between the AMPA receptors and the gap junction proteins. Such a mechanism is supported by the fact that SVKI, which specifically inhibits AMPA receptor internalization, blocks CNQX-mediated depression of the electrical synapse, attenuates AMPA-mediated depression and blocks LTD of both the chemical and electrical components of the T-to-T synapse. This ability of SVKI to block LTD in the leech is consistent with some forms of LTD observed in the vertebrate brain which is thought to be expressed via the internalization of glutamate receptors (Kim et al. 2001) . It is not known at this time whether this LTD requires activation of NMDA receptors, but NMDA receptor-dependent LTP and LTD have been observed at other synapses in the leech CNS (Burrell & Sahley 2004; Li & Burrell unpublished data) .
How might internalization of glutamate receptors lead to a decrease in electrical synaptic transmission? One possibility is that the gap junction proteins (innexins in the leech and other protostomal invertebrates) are co-internalized along with the glutamate receptors. Increasingly, molecular and electrophysiological evidence supports the idea that there can be an intimate association between the chemical and electrical components of a synapse. Axosomatic and axodendritic gap junctions have been found to cluster at active zones opposed to postsynaptic densities (PSDs), suggesting that membrane receptors and gap junction proteins can interact with each other either by short-range intercellular signaling or by direct protein-protein interactions (Sotelo et al. 1978; Rash et al. 2000; Lynn et al. 2001; Zoidl et al. 2007 ). Alternatively, depression of the electrical EPSP may not involve trafficking of the gap junction proteins themselves, but instead involve inhibition of gap junction function, e.g. by reducing current flow through the gap junctions. Unfortunately, it is impossible to directly monitor the trafficking of either innexins or glutamate receptors in the leech CNS since there are no known antibodies that recognize the leech version of these proteins.
Although CNQX-mediated inhibition of the electrical EPSP appears to be mediated by a purely endocytosis-dependent process (based on the effects of Con A, DIP and SVKI), AMPAmediated inhibition of the electrical synapse was only partially blocked by drugs that blocked endocytosis. This suggests that AMPA application inhibited the electrical synapse via two distinct mechanisms, one linked to internalization of the AMPA-type glutamate receptors and one or more additional processes that are independent of receptor trafficking. Examples of these latter processes include increased intracellular Ca 2+ , which is known to inhibit electrical coupling (Connors and Long 2004) , or activation of other modulatory neurons in the leech brain as a result of AMPA application. Previous work has shown that serotonin inhibits electrical synapses in the leech CNS (Colombaioni and Brunelli 1988; Beck et al. 2002; Moss et al. 2005 ) and neuronal gap junctions have been shown to be modified by a variety modulatory transmitters or hormones including serotonin, ecdysone, dopamine and acetylcholine (Piccolino et al. 1984; Teranishi et al. 1983; Moreno et al. 1991; Johnson et al. 1993 Johnson et al. , 1994 Rorig and Sutor 1996; Velazquez et al. 1997; Teshiba et al. 2001; Antonsen and Edwards 2007) .
It is also possible that the CNQX/AMPA induces depression of the electrical EPSP by directly binding to the innexins or some other protein that then acts on the innexins. This explanation cannot be excluded given that no direct observation of glutamate receptor or innexin trafficking could be made. However, there have been no other reports of either CNQX or AMPA directly acting on either vertebrate or invertebrate gap junction proteins and these drugs had no effect on the non-rectifying electrical synapses between the paired Retzius and longitudinal motor neurons. Furthermore, the ability of SVKI to block CNQX-mediated depression and attenuate AMPA-mediated depression suggests a direct role by the glutamate receptors.
CNQX and AMPA did not inhibit electrical coupling between the paired Retzius interneurons and paired longitudinal motor neurons. As in most invertebrates, gap junctions in the leech are composed of innexin proteins which are encoded by a multi-gene family with 12 innexin genes (Hm-inx) currently identified in the medicinal leech (Dyke et al. 2004; Dykes and Macagno 2006) . Three types of gap junction proteins are observed in the animal kingdom; connexins and pannexins in the deuterostomes (e.g. vertebrates and invertebrate chordates) and innexins in the protostomal invertebrates, (e.g. arthropods, annelids and mollusks; Barbe & Monye 2006) . As with vertebrate electrical synapses, innexin subtypes determine the functional properties of the leech gap junction, such as whether current flows equally well in both directions between the coupled neurons (non-rectifying electrical synapse) or exhibit a clear directionality of current flow (rectifying electrical synapse) and whether both positive and negative current can pass through the gap junctions. It is possible that the inability of CNQX or AMPA to inhibit coupling between the Retzius or longitudinal motor neurons may be due to a different compliment of innexin subtypes that make up these connections. Another possibility is that the R-to-R and L-to-L gap junctions may not be in close enough proximity to the glutamate receptors to be affected by the CNQX/AMPA treatments.
AMPA receptor internalization plays a critical role in some forms of long-term depression (LTD; Luscher et al.1999; Seifert et al. 2000) and a linkage between this process and depression of the electrical EPSP would not be surprising in synapses that have both a glutamatergic chemical and electrical component. If the glutamatergic component of a synapse is altered then it would be advantageous for the electrical component to change in a parallel manner. The results presented here suggest that a linkage between the glutamatergic and electrical synaptic components does exist and it is not the first evidence an interaction. LTP of the glutamatergic component of Mauthner cell synapses is accompanied by potentiation of the electrical component (Smith & Pereda 2003) and this potentiation of the electrical EPSP requires the activation of nearby chemically receptive zone(s) in the same synapse. This coordinated modulation of both electrical and glutamatergic synaptic transmission may play an important role in reshaping neural pathways for a number of processes including sensory processing, learning and memory, neural development and homeostatic processes. AMPA-mediated depression of the glutamatergic and electrical synapses may also provide a protective mechanism against glutamate-induced excitotoxicity.
Experimental Procedure
Hirudo medicinalis, weighing 3g, were obtained from a commercial supplier (Leeches USA, Westbury, N.Y.) and kept in pond water [0.52 g/L H2O Hirudo salt (Leeches USA Ltd.)] at 18°C. Individual ganglia were dissected from the animal and placed in a recording chamber (1.5 mL) with constant perfusion (~2 ml/min). The dissections and recordings were carried out in leech saline containing: 115 NaCl, 4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , and 10 HEPES. In high Mg 2+ saline experiments, 15mM MgCl 2 was used, which replaced NaCl mole for mole.
Dual intracellular recordings were made by impaling neurons with intracellular glass microelectrodes using a micropositioner (Model 1480; Siskiyou Inc., Grants Pass, OR). Electrodes were pulled from borosilicate capillary tubing (1.0mm outer diameter, 0.75mm inner diameter; FHC Bowdoinham, ME) to a resistance of 25-35 MΩ (Sutter Instruments P-97; Novato, CA) and filled with 3 M potassium acetate. Current pulses were delivered to the neurons using a two-channel stimulator with stimulus isolation units (S88 and SIU5, respectively; Astromed-Grass, West Warwick, RI). Signals were amplified with a bridge amplifier (BA-1S; NPI, Tamm, Germany) and then digitally converted (Digidata 1322A A/D converter) for viewing and subsequent analysis (Axoscope 10; Molecular Devices, Sunnyvale, CA). Individual neurons were identified based on their position, size and action potential shape. EPSPs were elicited by current injections into the presynaptic cells at regular (5 min) intervals. The resting membrane potential of the postsynaptic neuron (T cell or S cell) was approximately −40mV and was hyperpolarized to −50mV to prevent the initiation of action potentials. Since a decrease in input resistance can cause an apparent decrease in synaptic signaling, input resistance was measured throughout each experiment by injecting negative current pulse (0.5nA, 500msec).
In temperature control experiments, a Peltier device and a temperature control system (HCPPS; ALA Scientific, Westbury, NY and TC-10; NPI, Tamm, Germany) were used to precool the perfusion solution just before it entered the recording chamber. A thermal probe was placed in the recording chamber to monitor the solution temperature in the recording chamber. These low temperature recordings were used to delay the chemical EPSP in the T-to-T synapses to permit measurement of the electrical EPSP in normal saline.
For T-to-T experiments, synaptic transmission between ipsilateral T cells was tested every 5 min. To isolate the electrical component of the T-to-T EPSP, the ganglion was perfused with 15mM Mg 2+ saline to eliminate chemical synaptic transmission (Zipser et al. 1979 ) for 15min before the first test of the electrical synaptic transmission. Following an initial test of the electrical EPSP, the ganglion was perfused for 15 min with CNQX or AMPA (Sigma; St. Louis, MO) dissolved in 15mM Mg 2+ , followed by a 15min washout in 15mM Mg 2+ saline. In some experiments, CNQX/AMPA treatments were made in the presence of concanavalin A (Con A; Sigma), dynamin inhibitory peptide (DIP) or pep2-SVKI (Tocris; Ellisville, MO). In the case of DIP or pep2-SVKI, the peptides were dissolved in the electrode filling solution and injected into the cell via ionotophoresis (1nA of negative current) for 10min prior to the start of the experiment.
To examine the effect of CNQX on electrical coupling between paired Retzius cells (R cells) or paired longitudinal motor neurons (L cells), 500 msec current pulses (−0.25,−0.5,−0.75,−1, −2,−3nA, 0.25,0.5,0.75,1.0 nA,) were injected into one Retzius cell (R1) or L cell (L1) and the resulting changes in membrane potential in R1/L1 cell (V1) and the contralateral R2/L2 cell (V2) were recorded and measured. Electrical coupling between these paired neurons was calculated as the ratio V2/V1. Electrical coupling was measured prior to and following a 15 min treatment with 20 µM CNQX dissolved in leech normal saline solution.
To determine whether synaptic activity could produce modulation of the chemical and electrical components of the T-to-T synapse, low frequency stimulation (LFS) was used to induce long-term depression (LTD) at T-to-T synapse. LFS-induced LTD was carried out in normal saline and in 0mM Mg 2+ saline which allowed for separation between electrical and chemical EPSP (see Results; Baylor & Nicholls 1969) . Following an initial pre-LFS recording of the EPSP, the T-to-T synapse underwent LFS training by stimulating the presynaptic T cell to elicit a single action potential 900 times at 1Hz, a common procedure for inducing LTD (Anwyl 2006) . The T-to-T EPSP was re-tested 40min after LFS.
EPSP amplitude and input resistance measurements were normalized to their initial values (% of baseline) and presented as the mean ± SE. In experiments conducted in saline with 15mM Mg 2+ the baseline measurement for EPSP amplitude and input resistance were taken after the ganglion had been bathed in the high Mg 2+ saline for 15min. Statistical analyses were performed using two-way ANOVA and Newman-Keuls post-hoc tests (Statistica analysis software; Statsoft).
Abbreviations
AMPA, Alpha-Amino-3-Hydroxy-5-Methyl-4-Isoxazole Propionic Acid; CNQX, 6-Cyano-7-nitroquinoxaline-2,3-dione; CNS, Central Nervous System; Con A, Concanavalin A; DIP, Dynamin Inhibitory Peptide; EPSP, Excitatory Postsynaptic Potential; LTD, Long Term Depression; PSD, Post Synaptic Density. Traces comparing the response of the postsynaptic T cell to a brief (5msec), suprathreshold current versus a long (250msec), suprathreshold current injection to the presynaptic T cell (black and gray traces, respectively). The brief current injection produced a transient electrical EPSP that rapidly decayed back to the resting potential, however sustained current flow between the two T cells could be observed during the 250msec current pulse if an action potential was elicited in the presynaptic T cell (compare these traces to those in 1C). 
